Winter wheat and cotton are the main crops grown on the North China Plain (NCP). Cotton is often transplanted after the winter wheat harvest to solve the competition for cultivated land between winter wheat and cotton, and to ensure that both crops can be harvested on the NCP. However, the root system of transplanted cotton is distorted due to the restrictions of the seedling aperture disk before transplanting. Therefore, the investigation of the deformed root distribution and water uptake in transplanted cotton is essential for simulating soil water movement under different irrigation methods. Thus, a field experiment and a simulation study were conducted during 2013-2015 to explore the deformed roots of transplanted cotton and soil water movement using border irrigation (BI) and surface drip irrigation (SDI). The results showed that SDI was conducive to root growth in the shallow root zone (0-30 cm), and that BI was conducive to root growth in the deeper root zone (below 30 cm). SDI is well suited for producing the optimal soil water distribution pattern for the deformed root system of transplanted cotton, and the root system was more developed under SDI than under BI. Comparisons between experimental data and model simulations showed that the HYDRUS-2D model described the soil water content (SWC) under different irrigation methods well, with root mean square errors (RMSEs) of 0.023 and 0.029 cm 3 cm −3 and model efficiencies (EFs) of 0.68 and 0.59 for BI and SDI, respectively. Our findings will be very useful for designing an optimal irrigation plan for BI and SDI in transplanted cotton fields, and for promoting the wider use of this planting pattern for cotton transplantation.
Introduction
The North China Plain (NCP) is one of the most important cotton and grain production regions in China [1, 2] . With economic development, the competition between cotton and grain crops for cultivated land has become increasingly serious. Therefore, the planting patterns used for cotton and grain must be changed to ensure adequate supplies of cotton and grain. Transplantation of cotton after the winter wheat harvest has gradually become a more common planting pattern on the NCP [2] . This pattern can improve cultivated land use efficiency and allow both cotton and grain crops to be harvested [2, 3] . Compared to the traditional winter wheat-cotton intercropping system, transplantation of cotton after winter wheat harvest can increase the winter wheat planting area by 40% and is beneficial for mechanized cultivation [4] [5] [6] . In addition, water scarcity is the most critical factor restricting agricultural development on the NCP [7] [8] [9] . Therefore, exploring soil water movement and increasing water use efficiency (WUE) are important for promoting the wider use of this planting pattern for cotton transplantation.
Roots are closely related to soil water movement and root water uptake, and play an important role in exploring the available soil volume for water and nutrients. The root systems of transplanted and direct-seeded cotton are very different (Figure 1 ). Direct-seeded cotton exhibits a typical taproot system, whereas transplanted cotton roots spread outward in the shape of a claw with approximately 2-3 dominant lateral roots [10] . Several studies examining cotton roots under different irrigation methods have focused on direct-seeded cotton roots [11] [12] [13] [14] [15] [16] [17] . Hulugalle et al. [11] investigated the fine root (<2 mm diameter) production and mortality of cotton in furrow irrigation systems in Australia, and noted that cotton could not tolerate waterlogged conditions, so most of the fine roots were located in the top 0.5 m of the soil. The decrease in the cotton root weight was more significant in deeper soil layers, where there is an increase in soil moisture [12] . Ning et al. [13] studied the root length density (RLD) of cotton under film mulched drip irrigation, and noted that most cotton roots were located near the soil surface (above 0.5 m) where water and nutrients were relatively sufficient, but salinity was minimal due to leaching under the high-frequency drip regime. Hodgson et al. [14] compared the lengths of cotton roots under surface drip irrigation (SDI), buried drip irrigation and furrow irrigation systems in cracking grey clay in Australia and found significantly longer roots in the upper 30 cm of the soil when buried drip irrigation was used rather than SDI or furrow irrigation. In the subsoil, furrow irrigation resulted in longer roots than buried drip irrigation or SDI. In a study by Rao et al. [15] , furrow irrigation resulted in higher rooting depths (30.1 cm) and lower root spread (42.3 cm) and root dry mass (16.1 g plant −1 ) compared with drip irrigation (root depth of 25.0 cm, root spread of 46.9 cm and root dry mass of 17.5 g plant −1 ) in an arid sub-tropical region in India. factor restricting agricultural development on the NCP [7] [8] [9] . Therefore, exploring soil water movement and increasing water use efficiency (WUE) are important for promoting the wider use of this planting pattern for cotton transplantation. Roots are closely related to soil water movement and root water uptake, and play an important role in exploring the available soil volume for water and nutrients. The root systems of transplanted and direct-seeded cotton are very different (Figure 1 ). Direct-seeded cotton exhibits a typical taproot system, whereas transplanted cotton roots spread outward in the shape of a claw with approximately 2-3 dominant lateral roots [10] . Several studies examining cotton roots under different irrigation methods have focused on direct-seeded cotton roots [11] [12] [13] [14] [15] [16] [17] . Hulugalle et al. [11] investigated the fine root (<2 mm diameter) production and mortality of cotton in furrow irrigation systems in Australia, and noted that cotton could not tolerate waterlogged conditions, so most of the fine roots were located in the top 0.5 m of the soil. The decrease in the cotton root weight was more significant in deeper soil layers, where there is an increase in soil moisture [12] . Ning et al. [13] studied the root length density (RLD) of cotton under film mulched drip irrigation, and noted that most cotton roots were located near the soil surface (above 0.5 m) where water and nutrients were relatively sufficient, but salinity was minimal due to leaching under the high-frequency drip regime. Hodgson et al. [14] compared the lengths of cotton roots under surface drip irrigation (SDI), buried drip irrigation and furrow irrigation systems in cracking grey clay in Australia and found significantly longer roots in the upper 30 cm of the soil when buried drip irrigation was used rather than SDI or furrow irrigation. In the subsoil, furrow irrigation resulted in longer roots than buried drip irrigation or SDI. In a study by Rao et al. [15] , furrow irrigation resulted in higher rooting depths (30.1 cm) and lower root spread (42.3 cm) and root dry mass (16.1 g plant −1 ) compared with drip irrigation (root depth of 25.0 cm, root spread of 46.9 cm and root dry mass of 17.5 g plant −1 ) in an arid sub-tropical region in India. Soil water movement associated with root water uptake is complex, and has been studied using empirical, analytical, and numerical models in the past decades. The use of computer simulations with validated mathematical models is a rapid and inexpensive approach, which has received a great deal of attention during the past few decades [18] [19] [20] [21] [22] [23] [24] [25] . HYDRUS-2D is a hydrologic model that simulates water movements in two-and three-dimensional, variably-saturated porous media based on the numerical solution of the Richards equation [19, 21, 22, [24] [25] [26] and has been successfully used to model soil water movement under different irrigation methods, such as SDI, subsurface drip irrigation and flood irrigation [22, 24, [27] [28] [29] . Previous simulation studies [19, 21, 22, 24] have shown that the results for the soil water content (SWC) simulated by HYDRUS-2D are in reasonable agreement with measured values. Soil water movement associated with root water uptake is complex, and has been studied using empirical, analytical, and numerical models in the past decades. The use of computer simulations with validated mathematical models is a rapid and inexpensive approach, which has received a great deal of attention during the past few decades [18] [19] [20] [21] [22] [23] [24] [25] . HYDRUS-2D is a hydrologic model that simulates water movements in two-and three-dimensional, variably-saturated porous media based on the numerical solution of the Richards equation [19, 21, 22, [24] [25] [26] and has been successfully used to model soil water movement under different irrigation methods, such as SDI, subsurface drip irrigation and flood irrigation [22, 24, [27] [28] [29] . Previous simulation studies [19, 21, 22, 24] have shown that the results for the soil water content (SWC) simulated by HYDRUS-2D are in reasonable agreement with measured values. This field experiment explored the development of deformed roots of transplanted cotton under border irrigation (BI) and SDI. BI is the most widely used traditional irrigation method on the NCP [30] . SDI can be employed across a wide range of topographies for frequent and uniform water application and dramatically increases WUE compared with traditional irrigation systems [17, 31] . The root parameters based on the measured data in the field experiment were applied into the HYDRUS-2D model. This model was then used to quantify the soil water distribution and movement.
The main objectives of this study were (1) to investigate the root distribution and growth of transplanted cotton under BI and SDI; and (2) to evaluate and compare soil water movement under BI and SDI in a transplanted cotton field. This field experiment explored the development of deformed roots of transplanted cotton under border irrigation (BI) and SDI. BI is the most widely used traditional irrigation method on the NCP [30] . SDI can be employed across a wide range of topographies for frequent and uniform water application and dramatically increases WUE compared with traditional irrigation systems [17, 31] . The root parameters based on the measured data in the field experiment were applied into the HYDRUS-2D model. This model was then used to quantify the soil water distribution and movement.
Materials and Methods

Field Experiments
The main objectives of this study were (1) to investigate the root distribution and growth of transplanted cotton under BI and SDI; and (2) to evaluate and compare soil water movement under BI and SDI in a transplanted cotton field. 
Materials and Methods
Field Experiments
Agronomic Practices
Cotton (Gossypium hirsutum L. cv. Zhongmiansuo 50) seedlings were raised in a greenhouse by sowing seeds in substrate (turf:vermiculite:perlite = 5:4:1). The seedlings were grown in separate soil blocks with a height of 35 mm and an inner diameter of 40 mm [3] . Several of the agronomic practices used are listed in Table 2 . A rotary cultivator and a tray-seedling transplanter were used for ploughing the soil and for transplanting cotton seedlings after winter wheat harvest, respectively. Cotton was planted in rows extending south and north. The intervals between and within each row were 0.7 and 0.2 m, respectively. The plant population was 71,428 plants ha −1 . A locally recommended fertilizer was used in the study for all treatments. The same rate and time of fertilizer application were used for the different irrigation methods. A compound fertilizer (N:P:K: 18, 18 and 18% composite) was applied at a rate of 70 kg ha −1 as the base fertilizer. The remaining N was applied at the squaring stage to achieve a rate of 60 kg ha −1 (urea, N 46%). The experiment was arranged in a completely randomized design with three replicates, and consisted of the BI and SDI treatments. The layout of the experimental plots is shown in Figure 3 . The technical parameters of the irrigation methods are given in Table 3 . The SDI systems were installed in the field after cotton was transplanted. The drip laterals were placed closer to each crop row, and each emitter was placed beside a plant.
Irrigation was conducted when the SWC in the root zone was depleted to 70% of field capacity (F C ) during each of the three main plant growth periods (seedling stage, squaring stage, and bloom and boll-forming stage) [12, 32, 33] . SWC was calculated as the average value between the rows and inter-rows (0.35 m from the rows) of cotton plants. According to the characteristics of the different irrigation methods, 90 mm and 20 mm of irrigation water was applied in the BI and SDI treatments, respectively [34] . The amount of irrigation water applied in each treatment was measured using a water meter. Irrigation was first applied immediately after transplanting to ensure the survival of the cotton seedlings. The dates of irrigation are shown in Figure 2 .
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respectively [34] . The amount of irrigation water applied in each treatment was measured using a water meter. Irrigation was first applied immediately after transplanting to ensure the survival of the cotton seedlings. The dates of irrigation are shown in Figure 2 . 
Measurement Methods
Root Spatial Distribution
The two-dimensional root morphology and biomass distribution were determined using the soil core method [35] . According to the preliminary observations of the root systems of transplanted cotton reported by Mao et al. [10] , the maximum root depth before blooming is less than 0.7 m. Therefore, we selected a location without weeds to dig 0.7 m-deep and 0.4 m-wide trenches, and pressed an iron box (10 × 10 × 10 cm) into the soil perpendicular to the soil profile to collect soil samples ( Figure 4 ). Three sites (one in each treatment plot) were sampled per treatment during the course of one year. Because this method was destructive, we collected samples only during the critical periods of water use of the transplanted cotton (4 August 2013, 13 August 2014 and 16 August 2015). The collected soil samples were immediately soaked in freshwater for 6-8 h and washed in nylon mesh bags with 0.1 mm-diameter pores to select a root (diameter less than 2.5 mm) for subsequent analysis [36] [37] [38] . The selected root was scanned using a flatbed image scanner (Epson Perfection V700 PHOTO, Seiko Epson Co., Suwa, Nagano, Japan) to obtain root images and then 
Measurement Methods
Root Spatial Distribution
The two-dimensional root morphology and biomass distribution were determined using the soil core method [35] . According to the preliminary observations of the root systems of transplanted cotton reported by Mao et al. [10] , the maximum root depth before blooming is less than 0.7 m. Therefore, we selected a location without weeds to dig 0.7 m-deep and 0.4 m-wide trenches, and pressed an iron box (10 × 10 × 10 cm) into the soil perpendicular to the soil profile to collect soil samples ( Figure 4 ). Three sites (one in each treatment plot) were sampled per treatment during the course of one year. Because this method was destructive, we collected samples only during the critical periods of water use of the transplanted cotton (4 August 2013, 13 August 2014 and 16 August 2015). The collected soil samples were immediately soaked in freshwater for 6-8 h and washed in nylon mesh bags with 0.1 mm-diameter pores to select a root (diameter less than 2.5 mm) for subsequent analysis [36] [37] [38] . The selected root was scanned using a flatbed image scanner (Epson Perfection V700 PHOTO, Seiko Epson Co., Suwa, Nagano, Japan) to obtain root images and then dried in an oven at 80 • C until a constant weight was achieved to determine the root biomass. The root images were analysed using Win Rhizo Pro2007 software to determine the root length. The RLD and root biomass density (RBD) were determined by dividing the root length and root biomass by the soil sample volume (10 × 10 × 10 cm).
Water 2017, 9, 503 6 of 21 dried in an oven at 80 °C until a constant weight was achieved to determine the root biomass. The root images were analysed using Win Rhizo Pro2007 software to determine the root length. The RLD and root biomass density (RBD) were determined by dividing the root length and root biomass by the soil sample volume (10 × 10 × 10 cm). 
Dynamic Growth of the Root System
The dynamic growth of the root system was measured using the ET-100 root observation system (BTC. Bartz technology, Santa Barbara, CA, USA). We used WinRHIZO Tron software to obtain data by analysing the images of the root system. Minirhizotron tubes were installed at an angle of 45° from the ground using a matched soil auger in June 2013, and the angle of 45° was controlled by a matched protractor [39] . The minirhizotron tubes were 2 m long and installed in the rows and inter-rows (0.35 m from the rows) of the cotton plants. Six minirhizotron tubes (two in each treatment plot) were installed for each treatment. Observations were performed only when the surrounding soil environment became stable (approximately 12 months after installation) [40] . The RLD, root surface area density (RSAD), and root tip number density (RTND) were determined based on the root length, root surface area and number of root tips, which were each divided by the instrument observation area (1 × 1 cm) [36, 37, 41] .
Because the period of July-August was a period of critical water demand for transplanted cotton, we observed root growth on the following dates: 16 July, 23 July, 28 July, 6 August, 14 August, 20 August and 25 August in 2014 and 17 July, 26 July, 6 August, 16 August, 23 August, 29 August, and 7 September in 2015.
Leaf Area and Plant Height
The leaf area and plant height were regularly measured using a leaf area metre (Li-3000, LI-COR, Lincoln, NE, USA) and a tape measure (accuracy of 0.1 cm), respectively [18] . The leaf area index (LAI) was then calculated using the Food and Agriculture Organization of the United Nations (FAO) method [42] .
Soil Water Content (SWC)
The SWC (mm) was measured using time domain reflectometry with intelligent microelements (TRIME-PICO-IPH, IMKO Micromodultechnik GmbH, Ettlingen, Baden-Württemberg, Germany) from soil depths of 0 to 1 m at intervals of 0.2 m every 3-5 days. The SWC was calculated using gravimetric measurements [43] . The correction coefficients were uploaded to TRIME using TRIME WinCAL software. The TRIME tubes were installed in the rows and inter-rows (0.35 m from the rows) of the cotton plants using a soil auger. Six TRIME tubes (two in each treatment plot) were used 
Dynamic Growth of the Root System
The dynamic growth of the root system was measured using the ET-100 root observation system (BTC. Bartz technology, Santa Barbara, CA, USA). We used WinRHIZO Tron software to obtain data by analysing the images of the root system. Minirhizotron tubes were installed at an angle of 45 • from the ground using a matched soil auger in June 2013, and the angle of 45 • was controlled by a matched protractor [39] . The minirhizotron tubes were 2 m long and installed in the rows and inter-rows (0.35 m from the rows) of the cotton plants. Six minirhizotron tubes (two in each treatment plot) were installed for each treatment. Observations were performed only when the surrounding soil environment became stable (approximately 12 months after installation) [40] . The RLD, root surface area density (RSAD), and root tip number density (RTND) were determined based on the root length, root surface area and number of root tips, which were each divided by the instrument observation area (1 × 1 cm) [36, 37, 41] .
Leaf Area and Plant Height
Soil Water Content (SWC)
The SWC (mm) was measured using time domain reflectometry with intelligent microelements (TRIME-PICO-IPH, IMKO Micromodultechnik GmbH, Ettlingen, Baden-Württemberg, Germany) from soil depths of 0 to 1 m at intervals of 0.2 m every 3-5 days. The SWC was calculated using gravimetric measurements [43] . The correction coefficients were uploaded to TRIME using TRIME WinCAL software. The TRIME tubes were installed in the rows and inter-rows (0.35 m from the rows) of the cotton plants using a soil auger. Six TRIME tubes (two in each treatment plot) were used in each treatment. The frequency of measurements was increased when the SWC in the root zone was nearly 70% of the Fc to ensure timely irrigation.
Numerical Modelling
Water Flow Equations
Soil water movement in the experiment field was simulated as the water flow in a 2D vertical plane. The governing equation for water flow was as follows [44] :
where θ is the volumetric water content (cm 3 ·cm −3 ); t is the time (day); x and z are the distances from the origin in the x-and z-directions (cm), respectively; K(z, θ) is the unsaturated hydraulic conductivity function (cm·day −1 ); D(z, θ) is the unsaturated soil water diffusivity function (cm 2 ·day −1 ); and S(x, z, t) is a sink term (day −1 ). Soil hydraulic properties were estimated with the van Genuchten-Mualem function [45] , as follows:
where θ s is the saturated water content (cm 3 ·cm −3 ); θ r is the residual water content (cm 3 ·cm −3 ); S e is the relative saturation; K s is the saturated hydraulic conductivity (cm·day −1 ); l is the pore connectivity parameter; α, n and m are the shape parameters, and m = 1 − 1/n. The simulation domain was divided into five soil layers: 0-20, 20-40, 40-60, 60-80, and 80-100 cm. The soil input parameters are listed in Table 4 . Figure 5 shows the domain geometry used in the HYDRUS-2D model to characterize BI and SDI in our experimental field. The domain geometry was defined as 35 cm in width and 100 cm in depth. In the BI treatment, the entire upper side of the domain was defined as the time-variable flux boundary to represent BI. In the SDI treatment, the left upper corner of the domain, which was 2.51 cm wide, was defined as the time-variable flux boundary to represent SDI. During irrigation, the fluxes of drip emitters were described in HYDRUS-2D as follows [18, 21, 23, 25] :
where Q is the input irrigation flux (cm day −1 ); q is the discharge rate (2.0 L h −1 ); R is the radius of the drip emitter (0.8 cm); and L is the spacing between drip emitters (20 cm). The rest of the upper side of the domain in the SDI treatment was the atmospheric boundary condition representing the soil surface. The no-flux boundary was used on the right and left sides of the soil profile, because the relationship of the symmetry of the soil water pressure head inside and outside the geometry domain was assumed under both irrigation methods [19, 20, 25, 26] . A free drainage boundary condition was imposed at the bottom of the soil profile.
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the domain in the SDI treatment was the atmospheric boundary condition representing the soil surface. The no-flux boundary was used on the right and left sides of the soil profile, because the relationship of the symmetry of the soil water pressure head inside and outside the geometry domain was assumed under both irrigation methods [19, 20, 25, 26] . A free drainage boundary condition was imposed at the bottom of the soil profile. 
Initial Conditions and Temporal and Spatial Discretization
The simulation experiment was conducted daily from transplanting to harvest. The SWCs measured before transplantation were used as the initial condition. The grid size in the top 30 cm was 1 cm; that between 30 and 60 cm was 3 cm; and that between 60 and 100 cm was 4 cm ( Figure 5 ).
Estimating Evaporation and Transpiration
Evaporation from the exposed soil surface and potential transpiration were required as inputs in HYDRUS-2D. Both evaporation and transpiration were calculated daily using the dual crop coefficient approach of FAO-56 [46] . Under the dual crop coefficient approach, the evapotranspiration of the crop (ET c ) was estimated using the following equation:
where Kcb is the basal crop coefficient; Ke is the soil water evaporation coefficient; and ET0 (cm) is the reference crop evapotranspiration computed via the FAO Penman-Monteith method [46] . Kcb is defined as the ratio of ETc/ET0 when the soil surface is dry but transpiration occurs at a potential rate. Ke represents the evaporation component from soil evaporation. Detailed information on the evaluation of these coefficients can be found in [46] . 
Initial Conditions and Temporal and Spatial Discretization
Estimating Evaporation and Transpiration
where K cb is the basal crop coefficient; K e is the soil water evaporation coefficient; and ET 0 (cm) is the reference crop evapotranspiration computed via the FAO Penman-Monteith method [46] . K cb is defined as the ratio of ET c /ET 0 when the soil surface is dry but transpiration occurs at a potential rate. K e represents the evaporation component from soil evaporation. Detailed information on the evaluation of these coefficients can be found in [46] .
Root Water Uptake
In HYDRUS, the volume of water removed from the soil as a result of root water uptake is defined as follows [20] :
where α(h) is the soil water stress function (dimensionless) of Feddes et al. [47] ; S t is the length of the soil surface associated with transpiration (cm); T p (t) is the potential transpiration rate (cm day −1 ); X m and Z m are the maximum rooting lengths in the x-and z-directions (cm), respectively; and RLD(x, z, t) is the root distribution function developed by Vrugt et al. [48] , which is as follows:
where p x (-), p z (-), x* (cm), and z* (cm) are empirical parameters.
Model Calibration and Verification
In this study, the HYDRUS-2D model was calibrated using the measured SWCs in 2014. Saturated water content (θ s ) and saturated hydraulic conductivity (K s ) were measured values, whereas θ r , α and n were estimated via the ROSETTA pedotransfer functions [49] using a bulk density dataset and the particle size distribution. The parameters of the Feddes model were generated based on Forkutsa [50] : P 0 = −10 cm, Popt = −25 cm, P 2−1 = −200 cm, P 2−2 = −600 cm, P 3 = −14,000 cm. Root distribution was specified according to the RLD data measured using minirhizotrons. Then, the model was validated with the observed SWCs during the transplanted cotton-growing season in 2013-2015 without changing the calibrated parameters.
Statistical Analysis and Criteria of Model Evaluation
One-way analysis of variance (ANOVA) comparisons were made using the univariate general linear model (GLM) in SPSS Statistics 21.0, and the means were compared using least significant differences (LSD) after the ANOVA results were confirmed to be significant. The level of significance used for all statistical tests was p ≤ 0.05.
The following set of indicators was used to evaluate the agreement between the simulated results and the observed data for each treatment: root mean square error (RMSE) and model efficiency (EF). RMSE expresses the variance of the error; and EF is a normalized statistic that determines the relative magnitude of the residual variance compared with variance of the measured data [51, 52] .
where y i is a simulated value; x i is an observed value; n is the total number of observed values used in the calibration and validation processes; and x are the mean values of the observed data points.
Results
Changes in Spatial Distribution of Root Length and Biomass
RLD Distribution
The spatial distribution of RLD at soil depths of 0-70 cm in the bloom and boll-forming stage of transplanted cotton is shown in Table 5 Compared with BI, SDI significantly increased the RLD in the -30 cm soil layer (p < 0.05). On average, for the three years of data, SDI increased the RLD in the 0-30 cm soil layer by 39% and decreased RLD in the 30-70 cm soil layer by 31% compared with BI. 
RBD Distribution
The spatial distribution of the RBD at soil depths of 0-70 cm in the bloom and boll-forming stage of transplanted cotton is shown in Table 6 and Figure 7 . The distribution of RBD was similar to that of RLD. In the BI treatment, the average RBD at depths of 0-70 cm ranged from 0. On average, for the two years of data, SDI increased the RD, RLD, RSAD and RTND by 19%, 69%, 118% and 69%, respectively, compared with BI. In the BI treatment, the RLD, RSAD and RTND fluctuated for up to 61 days after transplantation and showed slight reductions at some times, whereas in the SDI treatment, these parameters increased continuously. On average, for the two years of data, SDI increased the RD, RLD, RSAD and RTND by 19%, 69%, 118% and 69%, respectively, compared with BI. In the BI treatment, the RLD, RSAD and RTND fluctuated for up to 61 days after transplantation and showed slight reductions at some times, whereas in the SDI treatment, these parameters increased continuously. Abbreviations: BI, border irrigation; SDI, surface drip irrigation; RLD, root length density; RSAD, root surface area density; RTND, root tip number density; and RD, root diameter. The vertical bars represent the standard errors of the means. Different lowercase letters indicate significant differences (p < 5%) between the two treatments.
Two-Dimensional Model of RLD Parameters
The RLD(x, z, t) root parameters under the normalized root water uptake distribution in HYDRUS-2D were defined using the observations of RLD obtained using minirhizotrons. Because HYDRUS-2D software assumed that the root distribution was constant throughout the entire growth period, the parameters of Equation (8) were input according to the different growth stages of transplanted cotton. The estimated RLD parameters for different growth stages of transplanted cotton are shown in Table 7 . Table 7 . Parameters of the two-dimensional model of the root length density (RLD) of transplanted cotton.
Growth Period
Irrigation Method px pz x* z* 
Simulation of Soil Water Movement
Model Evaluation
The "goodness-of-fit" indicators and scatter plots between the simulated results and the observations of the SWCs are shown in Figure 10 . Good agreement was found between the simulated and measured SWCs. On average, for all three years of data, the RMSEs of the BI and SDI 
Two-Dimensional Model of RLD Parameters
The RLD(x, z, t) root parameters under the normalized root water uptake distribution in HYDRUS-2D were defined using the observations of RLD obtained using minirhizotrons. Because HYDRUS-2D software assumed that the root distribution was constant throughout the entire growth period, the parameters of Equation (8) were input according to the different growth stages of transplanted cotton. The estimated RLD parameters for different growth stages of transplanted cotton are shown in Table 7 . The "goodness-of-fit" indicators and scatter plots between the simulated results and the observations of the SWCs are shown in Figure 10 . Good agreement was found between the simulated and measured SWCs. On average, for all three years of data, the RMSEs of the BI and SDI treatments were 0.023 and 0.029 cm 3 cm −3 , respectively, with corresponding EFs of 0.68 and 0.59. These RMSE values are in the range and smaller than those reported by Li et al. [53] (RMSE values ranging from 0.031 to 0.046 cm 3 cm −3 ) and by Li et al. [18] (RMSE values ranging from 0.035 to 0.043 cm 3 cm −3 ). High EF values were also obtained, indicating that the residual variance was smaller than the measured data variance. Based on these values, it can be concluded that the correspondence between simulations and observations was very good. 
Simulation of Soil Water Movement
Since similar trends in the SWCs were observed during the three years, we could select only one-year data to present the simulation of soil water movement. To explore the reason for the relative poor fit of the simulation in 2013, the simulated and observed SWCs for 2013 are presented in Figures 11 and 12 . Figures 11 and 12 represent different horizontal locations: Figure 11 corresponds to the point in the cotton planting rows, and Figure 12 to the point in the middle of the inter-rows (0.35 m from the rows). The two columns in the plots represent the two different irrigation methods (BI and SDI), and the five rows represent the following depths from the soil surface: 10, 30, 50, 70 and 90 cm.
Although the accuracy of the simulation was the lowest for 2013, both Figures 11 and 12 show that the simulated SWC values were still in close agreement with the observed values. Furthermore, the fluctuation patterns of the SWC that resulted from the irrigation and precipitation events were consistent.
In the BI treatment, the average observed SWC in the cotton planting rows (0.26 cm 3 cm −3 ) and that in the middle of the inter-rows (0.27 cm 3 cm −3 ) were roughly the same. The simulated values showed that BI could saturate the soil in the 0-30 cm layer and dampen the soil in the 30-90 cm layer. The SWC changes in the upper layer were clearly more drastic than those in the deeper layer. The SWCs at 0-30 cm fluctuated, ranging from 0.18 to 0.44 cm 3 cm −3 , whereas the SWCs at 30-90 cm Although the accuracy of the simulation was the lowest for 2013, both Figures 11 and 12 show that the simulated SWC values were still in close agreement with the observed values. Furthermore, the fluctuation patterns of the SWC that resulted from the irrigation and precipitation events were consistent.
In the BI treatment, the average observed SWC in the cotton planting rows (0.26 cm 3 cm −3 ) and that in the middle of the inter-rows (0.27 cm 3 cm −3 ) were roughly the same. The simulated values showed that BI could saturate the soil in the 0-30 cm layer and dampen the soil in the 30-90 cm layer. The SWC changes in the upper layer were clearly more drastic than those in the deeper layer. The SWCs at 0-30 cm fluctuated, ranging from 0.18 to 0.44 cm 3 cm −3 , whereas the SWCs at 30-90 cm ranged from 0.21 to 0.37 cm 3 cm −3 . In the SDI treatment, the average observed SWC in the cotton planting rows was 0.25 cm 3 cm −3 , which was 12% higher than that in the middle of the inter-rows. The simulated values showed that SDI could only saturate soil in the 0-10 cm layer and dampen soil in the 10-30 cm layer, suggesting that the applied SDI does not result in significant periodical changes for the SWCs below 30 cm. The average SWC observed at 30-90 cm in the SDI treatment was 0.28 cm 3 cm −3 , which was 5% lower than that in the BI treatment.
ranged from 0.21 to 0.37 cm 3 cm −3 . In the SDI treatment, the average observed SWC in the cotton planting rows was 0.25 cm 3 cm −3 , which was 12% higher than that in the middle of the inter-rows. The simulated values showed that SDI could only saturate soil in the 0-10 cm layer and dampen soil in the 10-30 cm layer, suggesting that the applied SDI does not result in significant periodical changes for the SWCs below 30 cm. The average SWC observed at 30-90 cm in the SDI treatment was 0.28 cm 3 cm −3 , which was 5% lower than that in the BI treatment. 
Discussion
Root Characteristics of Transplanted Cotton
Roots are closely related to soil water movement; therefore, investigating the deformed root distribution of transplanted cotton is essential for simulating soil water movement under different irrigation methods. Three main differences were observed in the root systems of transplanted and direct-seeded cotton. (1) The root systems of transplanted cotton are significantly damaged, with many fine roots being lost when the cotton is transplanted into the field. This root damage decreases the ability of transplanted cotton to absorb moisture and nutrients; (2) After transplantation, the growth environment of the roots changes from a substrate containing high levels of nutrients and moisture in the seedling greenhouse to relatively poor soil in the field [3, 4] . Therefore, the speed and quality of root recovery after transplantation are important factors that affect the root water uptake and yield of transplanted cotton; (3) The root systems of direct-seeded cotton are arranged in the shape of an inverted cone, whereas the roots of transplanted cotton are arranged in the shape of a claw [10] . Although cotton is a woody plant, the taproot of transplanted cotton has degenerated because the roots of transplanted cotton are malformed from binding to the seedling aperture disk before transplantation. Lateral roots occupy the position of the taproot in the root system of transplanted cotton. According to studies examining the roots of direct-seeded cotton and the results of this study, the RLD of transplanted cotton is higher at soil depths of 0-0.3 m and lower at depths below 0.3 m than that of direct-seeded cotton [10, 13] .
These differences indicate that the root development of transplanted cotton must be investigated under different irrigation methods, which is an important step for simulating soil water movement in transplanted cotton fields.
Effects of Soil Water Movement on Root Development of Transplanted Cotton under Different Irrigation Methods
This study showed that the soil water movement occurring under different irrigation methods has a significant influence on the deformed roots of transplanted cotton. Compared with BI, SDI increased the RLD and RBD in the 0-0.3 m soil layer (Figures 6 and 7) by improving the soil environment at these soil depths, which is advantageous for the root growth of transplanted cotton [54] . Primarily, the SWC in the SDI treatment was particularly suitable for the root growth of transplanted cotton. Hu et al. [12] indicated that cotton roots grow quickly when the SWC is near 75% of F C, but slowly when the SWC is near 90% or 60% of F C . SDI concentrated the root system of transplanted cotton in the soil maintained at a relatively stable water content. Therefore, the root system in the SDI treatment suffered from less stress than the root systems in the BI treatment, in which the SWC fluctuated between water deficit conditions before irrigation and waterlogged conditions after irrigation, especially in the 0-0.3 m soil layer [14, 55] . Secondly, the amount of irrigation in the SDI treatment was sufficiently low to prevent deep infiltration, reducing the loss of nutrients [13] . BI resulted in more rapid leaching of chemicals than SDI, which led to different nutrient distribution patterns and variations in the growth and profile distribution of roots [56, 57] . Finally, in the SDI treatment, the drip emitters were near the soil surface, which resulted in minimal damage to the topsoil structure and therefore was advantageous for gas exchange between the soil and the atmosphere [14, 55] . However, in the BI treatment, the number of unsaturated soil pores was reduced after irrigation, which inhibited the exchange of gas between the soil and atmosphere, and consequently obstructed the respiration of cotton roots [58] . Concurrently, the large amount of water applied by BI decreased the activity of cotton roots, because the cotton cannot tolerate waterlogged conditions [11, 14] .
The results of this study indicated that the soil water movement occurring in the SDI treatment was more beneficial for the root growth of transplanted cotton than that in the BI treatment. Similar results have been reported by many studies [14, 15, 35, 55] .
Modeling Soil Water Movement under Different Irrigation Methods
The simulation of SWCs at different soil depths and horizontal locations in transplanted cotton fields irrigated by BI and SDI has been accomplished with the modeling study. This modeling study can help optimize irrigation strategies and improve irrigation water use efficiency in the transplanted cotton field irrigated by BI and SDI. The estimation of the vertical wetting front advance allows the calculation of the optimum irrigation time to minimize deep percolation of water below the root zone and prevent the loss of soluble nutrients into groundwater [59] .
The results of the simulation model suggested that the observed SWCs and the simulated results obtained with HYDRUS-2D were in good agreement (Figure 10) . Overall, the changes in the simulated SWCs at 0-30 cm were more drastic than those at 30-90 cm in both irrigation treatments (Figures 11  and 12 ), since the 0-30 cm layer is more directly affected by irrigation, precipitation, evaporation, and transpiration [21, 24] . The simulation results in Figures 11 and 12 showed that the HYDRUS-2D model overestimated the SWCs in July 2013. This was maybe due to the bias of the model output caused by the heavy, frequent and continuous rainfall in July 2013. In July 2013, the maximum rainfall intensity was 77.3 mm/d (2 July 2013), and the total precipitation was 231.1 mm, while the precipitation during the same period in 2014 and 2015 was only 134.5 and 43.5 mm, respectively ( Figure 2 ). The HYDRUS-2D model and the dual crop coefficient approach of FAO-56 were calibrated using the measured data in 2014, and produced a cumulative bias under the extreme rainfall conditions in 2013. Nevertheless, the simulated and measured results in 2013 still exhibited highly consistent trends, with several consecutive irrigation and precipitation events in the transplanted cotton growing seasons, particularly considering the complexity of the conditions to which the model was applied (i.e., heterogeneous soil properties, a more than 120-day simulation period, high evaporative demand, and assumed constant root distribution in one growth stage) [21, 24] .
Conclusions
This study showed that SDI was well suited for producing the optimal soil water distribution pattern for the deformed root system of transplanted cotton, and the root system of transplanted cotton was more developed under SDI than under BI. The HYDRUS-2D model can be applied to a transplanted cotton field irrigated by BI or SDI for modeling the SWC, and the simulated values of the SWC were in close agreement with the observed values.
